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Blastema formation, the initial stage of epimorphic limb regeneration in amphibians, is an essential process to produce regenerates. In our study
on nerve dependency of blastema formation, we used forelimb of Xenopus laevis froglets as a system and applied some histological and molecular
approaches in order to determine early events during blastema formation. We also investigated the lateral wound healing in comparison to
blastema formation in limb regeneration. Our study confirmed at the molecular level that there are nerve-dependent and -independent events
during blastema formation after limb amputation, Tbx5 and Prx1, reliable markers of initiation of limb regeneration, that start to be expressed
independently of nerve supply, although their expressions cannot be maintained without nerve supply. We also found that cell proliferation
activity, cell survival and expression of Fgf8, Fgf10 and Msx1 in the blastema were affected by denervation, suggesting that these events specific
for blastema outgrowth are controlled by the nerve supply. Wound healing, which is thought to be categorized into tissue regeneration, shares
some nerve-independent events with epimorphic limb regeneration, although the healing process results in simple restoration of wounded tissue.
Overall, our results demonstrate that dedifferentiated blastemal cells formed at the initial phase of limb regeneration must enter the nerve-
dependent epimorphic phase for further processes, including blastema outgrowth, and that failure of entry results in a simple redifferentiation as
tissue regeneration.
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Blastema formation is an essential process in regeneration of
vertebrate appendages, which is a phenomenon that occurs
only in amphibians and teleost fishes (reviewed by Brockes
and Kumar, 2002; Bryant et al., 2002; Poss et al., 2003;
Tanaka, 2003; Tsonis, 2000). In this process, differentiated
cells in mature tissues in the amputated organ dedifferentiate
into mononuclear blastemal cells that are proliferative and
multipotential. The limb blastema in urodele amphibians,
which consists of blastemal mesenchymal cells and an
overlying wound epidermis (WE; a characteristic skin structure
that has no dermal layer), produces all components of a
resultant well-patterned regenerate. In contrast to this blastema-
mediated regeneration (so-called epimorphic regeneration) of
an amputated amphibian limb, differentiated cells in mammals0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.08.021
* Corresponding author.
E-mail address: tam@biology.tohoku.ac.jp (K. Tamura).hardly dedifferentiate and/or change their fates under normal
conditions, and large-scale removal of limbs of mammals
usually results in irregular wound healing with scar formation
(Neufeld, 1985, 1989). Limb regeneration in amphibians is one
of the most extensively studied phenomena among epimorphic
organ regenerations, and each step in the process of limb
regeneration, including blastema formation, blastema out-
growth, redifferentiation and repatterning, has been studied
mainly using urodele amphibians as materials. Blastema
formation, the initial step in limb regeneration, includes some
interesting events such as dedifferentiation of mature tissues,
promotion of cell proliferation and formation of a WE.
Nerve dependency is a characteristic feature of limb
blastema formation. Since discovered by Todd (reviewed by
Tsonis, 1996, see also references therein), it has long been
known that removal of axons in the limb (denervation)
concomitantly with limb amputation inhibits proper blastema
formation and outgrowth of the blastema, resulting in the
absence of new limb structures. It has been suggested that86 (2005) 361 – 375
www.e
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urodele amphibians. In view of results of studies showing that
denervation gives rise to an increased rate of apoptosis
(Mescher et al., 2000), the neurotrophic factors produced in
the neurons are thought to stimulate proliferation and enable
blastemal cells to survive (Maden, 1978, 1979; Mescher, 1996;
Mescher and Tassava, 1975; Nye et al., 2003). Furthermore,
since the expressions of several genes, including Fgfs and
Dlx3, have been reported to be downregulated by denervation
(Cannata et al., 2001; Christensen et al., 2001; Mullen et al.,
1996), it is thought that neurotrophic factors regulate molecular
mechanisms involved in maintenance of blastemal cells and
blastema outgrowth. The importance of nerves in regeneration
has long been recognized, but little is known about the
molecular mechanisms mediating neuronal effects (reviewed
by Gardiner et al., 2002).
Studies on nerve deviation that induces blastema-like
outgrowth (a bump) to a lateral skin wound of a urodele limb
have suggested that neurotrophic factors play an important role
in blastema formation itself as well as in its maintenance and
outgrowth (Bodemer, 1958, 1959; Endo et al., 2004; Maden
and Holder, 1984; Reynolds et al., 1983). Results of those
studies also suggest that conservations and differences between
limb regeneration and skin regeneration must be important to
understand blastema formation and neuronal influences on it.
Skin regeneration in amphibians is another example of their
regenerative ability. In contrast to imperfect wound healing
with scar formation in adult mammals (reviewed by Martin,
1997), amphibians’ skin wound healing is perfect. If skin,
which includes the epidermis and dermis, is removed,
epidermal cells around the wound migrate to cover the exposed
mesenchymal tissues and form a WE followed by migration of
active dermal fibroblasts under the WE (Endo et al., 2004).
Since active dermal fibroblasts express Hoxd8 and Hoxd10
(Torok et al., 1998), it is thought that differentiated fibroblasts
in mature limb tissues have positional memory as a limb
territory where limb regeneration could occur and reactivate the
memory in response to injury. However, it is uncertain whether
the active fibroblasts during lateral wound healing have the
same molecular characteristics as those of dedifferentiated
blastemal cells in limb regeneration.
While urodele amphibians can regenerate their appendages
perfectly, regeneration ability in anuran amphibians such as
Xenopus laevis is limited, and a Xenopus froglet, a young
adult after metamorphosis, merely forms a cartilaginous spike
structure on its amputated limb mostly because of deficient
ability for pattern formation in the redevelopment phase
(Dent, 1962; Endo et al., 2000; Matsuda et al., 2001).
However, our previous study (Endo et al., 2000) showed
that, in the Xenopus froglet blastema, a WE is established,
proliferative mesenchymal cells accumulate, and Msx1, Fgf8,
and Hoxa13, which are important molecules for limb
outgrowth, are expressed. These results suggested that early
steps for blastema formation occur normally in Xenopus
froglets as in urodeles. In addition, there is also nerve
dependency of limb blastema formation in Xenopus froglets
(Endo et al., 2000; Korneluk et al., 1982), while thedeveloping limb bud of early Xenopus tadpole can regenerate
even if denervated (Filoni and Paglialunga, 1990). It has
been reported that effective ‘‘uprooting’’ denervation inhibits
spike formation at a high frequency and decreases Fgf8
expression level in the WE of froglet blastema (Endo et al.,
2000). Although Xenopus limb regeneration has disadvan-
tages as a model system for epimorphic limb regeneration
because of its incomplete ability of repatterning, the initiation
of blastema formation in a Xenopus limb is thought to be a
good model comparable with urodele limb regeneration.
Moreover, this organism is advantageous for molecular
approaches because of the availability of numerous gene
resources, experimental methods at the molecular level and
transgenic approaches.
In the present study, we investigated the molecular and
cellular aspects of nerve dependency of blastema formation in
the Xenopus limb. We focused on cellular response (cell
proliferation, apoptosis and gene expression) to denervation,
with comparison to normal blastema, denervated blastema and
lateral wound healing of the Xenopus froglet forelimb. First,
our observations of cell proliferation and cell death confirmed
that characteristics of nerve dependency of Xenopus limb
blastema formation are comparable to those of urodeles. These
observations newly suggest that induction of ectopic apoptosis
occurs prior to reduction of proliferative activity in the
denervated blastema in Xenopus. Moreover, analysis of the
expressions of several genes demonstrated that the neuro-
trophic factors are needed for the maintenance of expression of
Tbx5 and Prx1 in the early blastema and for the initiation of
expression of Msx1, Fgf8 and Fgf10 in the late blastema.
Taken together, the results suggest that the early step for
blastema formation consists of some nerve-dependent and
-independent events. Generation of blastema cells from
differentiated tissues and initiation of an undifferentiated state
are likely to be nerve-independent events, and there are some
nerve-dependent events, including maintenance of the undif-
ferentiated state and growth/survival of blastemal cells.
Interestingly, active fibroblasts in a lateral wound also
expressed these genes initially but could not maintain the
expressions of these genes at the late stage without denerva-
tion, and it therefore seems that the above-described nerve-
independent events occurring in an amputated limb also
occurred during lateral wound healing in X. laevis.
Materials and methods
Animals
X. laevis tadpoles were raised in our laboratory from induced breeding of
adult frogs and were allowed to develop until they reached stages 50–56
(Nieuwkoop and Faber, 1956). X. laevis froglets (15–20 mm in length from
snout to vent) were obtained from local animal suppliers. The animals were
kept at 23–24-C in dechlorinated tap water.
Experimental manipulation
Animals were anesthetized in 0.05% ethyl-3-aminobenzoate (Sigma)
dissolved in Holtfreter’s solution for surgical procedures. For limb amputa-
tion, forelimbs of froglets were amputated through the distal zeugopodium,
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amputated limbs was performed according to the method of Endo et al.
(2000). For wound healing, the skin at the mid-zeugopodium level was
partially cut off into square-shaped sections (1–1.5 mm in diameter) and
removed. Staging of X. laevis forelimb blastema was done according to Iten
and Bryant (1973, a staging of Notophthalmus viridescens blastema).
Histology
Forelimbs of froglets were fixed in Bouin’s fixative. Specimens were then
dehydrated and embedded in paraffin. Sections were cut at a thickness of 6 Am
and stained with hematoxylin, eosin and Alcian blue using standard procedures.
Immunohistochemistry, BrdU labeling and TUNEL analysis
Specimens were fixed for 2 h at 4-C in 4% paraformaldehyde,
cryoprotected with 30% sucrose and embedded in O.C.T. compound. Sections
were cut at a thickness of 6 Am (for Figs. 2 and 4) or 8 Am (for Fig. 3) with a
cryostat. The primary antibodies used were acetylated tubulin (1:1000, 6-11B-
1, Sigma); BrdU (1:500, G3G4, Developmental Studies Hybridoma Bank); and
myosin heavy chain (1:500, MF20, DSHB), and the secondary antibodies used
FITC- and TRITC-conjugated anti-mouse IgG (1:500, Chemicon) or HRP-
conjugated anti-mouse IgG (DAKO) and visualized with AEC (3-Amino-9-
Ethyl Carbazole, DAKO). For detection of incorporated BrdU, 0.2 Amol BrdU
(Sigma) was injected intraperitoneally, and forelimbs of froglets were fixed 1
h after BrdU injection, and sections were treated with 2 N HCl for 30 min at
room temperature. The TUNEL assay was performed using an In Situ Cell
Death Detection kit (Roche) following the manufacturer’s protocol. Sections
were counterstained with DAPI to detect nuclei.
In situ hybridization
X. laevis Tbx5 (Takabatake et al., 2000) and Prx1 (Takahashi et al., 1998)
clones were kindly provided by Dr. Kazuhito Takeshima and Dr. Makoto
Asashima, respectively. X. laevis Fgf8, Fgf10 and Msx1 clones were used as
described previously (Endo et al., 2000; Yokoyama et al., 2000). A
digoxygenin-labeled RNA probe for each gene was prepared following the
protocol manual of Roche. Specimens were fixed overnight in MEMFA,
cryoprotected with 30% sucrose and embedded in O.C.T. compound. Sections
were cut at thicknesses of 10–12 Am with a cryostat. The procedure used for in
situ hybridization was essentially the same as that of Yoshida et al. (1996).
Results
Histological observations of early regenerating and
denervated limbs and of a lateral skin wound
Endo et al. (2000) have established an effective denerva-
tion method that involves ablation of nerves by uprooting
the whole distal part of the nerve trunks from the incised
region, and this method was reported to inhibit spike
formation at a high frequency as in the urodele limb. In
order to determine the efficiency of this method, we first re-
examined structures made in denervated froglet forelimbs
concomitant with amputation through the distal zeugopodium
(radius/ulna). Sixteen of eighteen (89%) samples displayed
no recognizable structure at 8 weeks after the operation, and
the others (2/18, 11%) formed a poor spike as previously
reported (data not shown; Endo et al., 2000), whereas
normal limbs always regenerated a long cartilaginous spike
(17/17, 100%).
The previous study by Endo et al. (2000) suggested that
epidermal–mesenchymal interaction is disturbed by a newlyformed dermal layer in the denervated limb stump at 14
days after amputation. Our focus in the present study was
on early events occurring in the denervated blastema, and
we started this study by histological observation of early
blastemas using paraffin sections stained with hematoxylin,
eosin and Alcian blue (Fig. 1). At 4 days (dedifferentiation
stage), the normal (Fig. 1A) and denervated (Fig. 1D) limbs
showed similar morphology at the amputation site, in which
a thickened WE was formed to cover the opened and
protruding radius/ulna (Figs. 1AV and DV). In addition,
periosteum around the protruding radius/ulna began to be
thickened. Higher magnification showed the existence of a
population of mononuclear cells underneath the WE as
streams along the proximal–distal axis (Figs. 1AV and DV). It
should be noted that some cells migrating distally had a
round shape, and others had a fibroblastic long and narrow
shape. At 7 days, the normal blastema is in the early to
medium bud stage (Fig. 1B). A great mass of blastemal
mesenchymal cells was observed, and the WE had become
thinner (Figs. 1BV, BVV) as seen in urodeles (Iten and Bryant,
1973). In most of blastemal mesenchymal cells, there were
many round-shaped mononuclear cells. In addition, the
protruding distal part of radius/ulna was eroded by histolysis
(Fig. 1BV). On the other hand, the appearance of the
denervated blastema (Fig. 1E) was similar to that of the
normal one, but sections revealed some different states
inside the blastema. They still had a thickened WE (Fig.
1EV), and a very small population of round mononuclear
cells were observed underneath the WE (brackets with
asterisk in Fig. 1EVV). There were many fibroblastic cells
with a flattened and long shape in the proximal region of
swelling (Fig. 1EVV). These fibroblastic cells were not
observed in the normal blastema (Fig. 1BV). It should be
noted that this distal zone in the denervated blastema is
coincident with the region negative for some genes’
expression (see Fig. 5). Histolysis of the bone was delayed,
and osteoclasts were observed around the tip of the stump
bone (arrows in Fig. 1EVV) as previously reported (Goode,
1967; Iten and Bryant, 1973). These differences between
normal and denervated blastemas were much clearer at 10
days (Figs. 1C and F). Whereas the normal blastema in the
late bud stage outgrew considerably (Fig. 1CV), morpholog-
ical features of the denervated limb remained similar to
those at 7 days (Fig. 1FV, compare with EV). Moreover, we
observed that the denervated stump had already formed a
differentiated dermal layer containing skin glands between
the epidermis and the bone (Fig. 1FVV), whereas, in the
normal blastema, blastemal mesenchymal cells were still in
direct contact with the overlying epidermis at this stage.
Although it has been reported that histological differences
between normal and denervated blastemas, including inva-
sion of the dermal layer, were observed at 14 days after
amputation (Endo et al., 2000), our present observations
demonstrated that the early histological influences caused by
denervation occur within 7 days.
The lateral wound healing had morphology similar to that of
the denervated blastema (Figs. 1G–I). At 4 days, a thickened
Fig. 1. Gross morphologies and histological sections of the normal blastema (A–C), denervated blastema (D–F) and lateral wound healing (G–I). Longitudinal
sections at 4 days (AV, DV, G), 7 days (BV, EV, H) and 10 days (CV, FV, I) after surgical operations. Panels AVV, BVV, DVV, EVV and FVV are high-power views of boxed regions
in panels AV–FV, respectively. (A–F) At 4 days, the normal blastema (A, AV, AVV) and denervated blastema (D, DV, DVV) showed similar morphology, a population of
blastemal cells having formed under the thickened WE. At 7 days, although the WE had become thinner and a great mass of blastemal cells had accumulated in the
normal blastema (B, BV, BVV), the denervated blastema (E, EV, EVV) still had a thickened WE, and a large number of fibroblast cells were observed. At 10 days,
outgrowth of the blastema was observed in the normal limb (C, CV), but the morphology of the denervated blastema remained similar to that at 7 days, and a
differentiated dermis had formed (F, FV, FVV, compare with E). (G– I) The lateral wound healing had morphology similar to that the denervated blastema. At 4 days (G),
a population of mesenchymal cells and an overlying epidermis were observed, but, at 7 days, fibrous tissue had mainly formed (asterisk in panel H). At 10 days,
differentiated dermis had covered most of the fibrous tissue as in the denervated blastema. Scale bars = 200 Am.
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tissues, and a population of round-shaped fibroblasts, resem-
bling the blastemal cells, were observed underneath the
epidermal layer (Fig. 1G). At 7 days, the epidermal layer had
become thinner as in the normal blastema, but a population of
fibroblasts had formed a compact fibrous tissue layer (asterisk
in Fig. 1H) as in the denervated blastema. At 10 days, the
compact fibrous tissue layer had given rise to a differentiated
dermal layer containing skin glands as in the denervated
blastema (Fig. 1I).
Sequential axonal projections during each regeneration
process
Our histological observations suggested that neurons start
to play roles in early stages of blastema formation at 4–7
days after amputation. To know how the nerve supply is
correlated spatially and temporally to the effects of denerva-
tion during the regeneration process, we investigated sequen-
tial projection patterns of nerves (Fig. 2). In the amputated
normal limb at 4 days, bundles of axons were detected in the
stump (arrows in Fig. 2A), and, interestingly, scattered
branches of nerve axons were detected at the distal tip of
the blastema (Fig. 2B). At 7 days, a considerable number of
regenerating axons could be detected in the blastema (Fig.
2C), and the accumulated axons in the blastema had increased
and were well fasciculated at 10 days (Fig. 2D). In the
amputated denervated limb, there were few axons at 4 days
(Fig. 2E) and 10 days (Fig. 2F), indicating that the method
we used is adequate to eliminate most of axons from limb
stumps. In the lateral wound, few axons were detectable at the
removal site at 4 days (Fig. 2G), but migration of several
axons was detected at 7 days (Fig. 2H). These results
demonstrate that nerve supply during normal Xenopus limb
regeneration starts at a very early stage (within 4 days) after
amputation and that histological changes observed in Fig. 1
correlate with the number of axons.
Proliferation and apoptosis during each regeneration process
Having established that influences of nerves on the
blastema are exerted by 7 days post-amputation, we next
investigated cell proliferation and death at these early stages
of regeneration by bromodeoxyuridine (BrdU) incorporation
and TdT-mediated dUTP nick end labeling (TUNEL)
assays.
BrdU was injected intraperitoneally 1 h before fixation,
and its incorporation into proliferative cells was detected by
immunostaining with anti-BrdU antibody (Fig. 3). At 4 days
post-amputation, BrdU-labeled cells were distributed over the
distal region of the normal (Fig. 3A) and denervated (Fig.
3C) stumps. Histological observation (Figs. 3AV, CV) revealed
that BrdU-labeled cells include undifferentiated cells distally
to mature tissues in the stamp such as muscle, bone,
periosteum and dermis (the boundary is indicated by dotted
lines in Figs. 3AV and CV), suggesting that these cells reen-
tered the cell cycle in response to limb amputation. Thesedistal BrdU-labeled cells may be defined as the earliest
blastemal cells in Xenopus froglet. Interestingly, in the
denervated blastema at 4 days (Fig. 3C), an equivalent
number of BrdU-labeled cells was distributed throughout
blastemal cells, compared with the normal blastema. In
addition, BrdU-labeled cells were also distributed in the
proximal region of the WE, adjacent to the mature epidermis,
but not in the distal region (Figs. 3A and C). At 7 days, the
number of BrdU-labeled cells had increased in the normal
blastema (Figs. 3B, BV). In contrast, the number of BrdU-
labeled cells had considerably decreased in the denervated
blastema (Figs. 3D, DV). In the lateral wound healing, a small
number of BrdU-labeled cells were detected in fibroblasts as
well as the WE at 4 days (Figs. 3E, EV), and an increase in
proliferative cells was not observed at 7 days (Figs. 3F, FV).
These results show that the influence of denervation on cell
proliferation in the blastema starts to be exerted in the period
between 4 days and 7 days.
The results of the TUNEL assay revealed that a large
number of TUNEL-positive apoptotic cells were broadly
distributed in the denervated blastemal cells at 4 days (Fig.
4B), while a smaller number of localized apoptotic cells were
detected in the peripheral region of the normal blastema (Fig.
4A) and lateral wound healing (Fig. 4C). In all specimens in
Figs. 4A–C, the epidermal layer contained many apoptotic
cells. Double staining with TUNEL and an antibody against
myosin heavy chain (MyHC), a differentiated muscle cell
marker, demonstrated that those apoptotic cells were mainly
distributed in MyHC-negative distal and/or peripheral
domains (Figs. 4D–F), suggesting that many dedifferentiated
blastemal cells were dying by denervation. At 7 days, the
number of apoptotic cells in the normal blastema was similar
to that in the blastema at 4 days (Fig. 4G, compare with A).
At this stage, the number of apoptotic cells in the denervated
blastema had decreased and was similar to those in both the
normal blastema and lateral wound healing (compare Figs. 4H
with G and I).
These data together with histological observations demon-
strate that denervation induces both reduction of proliferative
activity and ectopic apoptosis in blastemal cells and that the
effect on cell proliferation is preceded by that on cell death.
They also suggest that denervation does not affect dediffer-
entiation and reentry of the cell cycle. In addition, it is
probable that fibroblasts in the lateral wound healing have
characteristics similar to those of blastemal cells at early
stages of blastema formation with regard to morphologies,
proliferative activity and cell death.
Early gene expressions in blastemal mesenchymal cells during
each regeneration process
In order to examine the molecular mechanism controlling
the early phase of limb blastema formation and lateral wound
healing and to obtain insights into the neural effect on the
phase, we analyzed expression patterns of several genes for
transcription factors and growth factors, including Homeobox
genes (Prx1, Msx1), T-box genes (Tbx5) and Fgfs (Fgf8,
Fig. 2. Visualization of axons by immunostaining for acetylated tubulin (green) and DAPI (blue) in the normal blastema (A–D), denervated blastema (E, F) and
lateral wound healing (G, H) at 4 days (A, B, E, G), 7 days (C, H) and 10 days (D, F). All sections are longitudinal sections. In the normal blastema, several nerve
fibers had entered the space beneath the wound epidermis at 4 days (A, B). Arrows in panel A indicate bundles of axons detected in the stump, and images in panel B
(DAPI staining in blue is omitted) are high-power views of boxed regions in panel A. Up to 10 days, nerve fibers entering the blastema increased in number (C, D).
In the denervated blastema, very few nerve fibers were observed until 10 days (E, F). In lateral wound healing, while few nerve fibers were observed under the
newly formed epidermis at 4 days (G), several nerve fibers had entered by 7 days (H). Scale bars = 200 Am.
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Xenopus froglet.
In situ hybridization was performed on blastemas formed
at the distal zeugopodium level in normal and denervated
limbs and the lateral skin wound at the mid-zeugopodium
(Fig. 5). At 4 days, Tbx5 and Prx1 transcripts were highly
expressed in blastemal cells and periosteum both in the
normal (Figs. 5A and E) and denervated limbs (Figs. 5B and
F). At 7 days, Tbx5 and Prx1 expression domains had
become broader in blastemal cells of the normal limb (Figs.
5I and L), but were considerably reduced in the denervatedblastema (Figs. 5J and M). These results suggest that
reexpression of Tbx5 and Prx1 occurs nerve-independently,
but nerve supply is necessary to maintain the expression of
Tbx5 and Prx1 in the blastema. We could see two layers
regarding Tbx5 and Prx1 expression in the denervated
blastema at 7 days (Figs. 5O–Q), which correspond with
the two distinct zones in our histological observation (Fig.
1EV). In the distal layer that contains round mononuclear cells
underneath the WE (arrows in Fig. 5O), the number of the
cells expressing Tbx5 or Prx1 is considerably reduced. At the
proximal region where flattened cells are enriched, a
Fig. 3. Detection of proliferative cells in the normal blastema (A, B), denervated blastema (C, D) and lateral wound healing (E, F) by immunostaining for BrdU (red)
after 1 h of BrdU incorporation. Panels AV–FV are serial sections of panels A–F, stained with hematoxylin, eosin and Alcian blue. Dotted lines in AV, CV represent the
boundary between blastema-like dedifferentiated cells and mature tissues. All sections are longitudinal sections. Scale bars = 200 Am.
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Fig. 4. Detection of apoptotic cells in the normal blastema (A, D, G), denervated blastema (B, E, H) and lateral wound healing (C, F, I) by basic TUNEL assay
(green). Panels D–F are counterstained with antibodies against MyHC (purple) and DAPI (blue). Note that, at 4 days, a large number of apoptotic cells were largely
detected in denervated blastemal cells (B), while a smaller number of localized apoptotic cells were detected in the peripheral region in normal blastema (A) and
lateral wound healing (C). All sections are longitudinal sections. Scale bars = 200 Am.
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normal blastema (bars in Figs. 5P, Q). The differences
between Tbx5 and Prx1 expressions in the normal blastema
and those in the denervated blastema were also clear at 10
days (data not shown). Interestingly, in the lateral wound
healing at 4 days, Tbx5 and Prx1 transcripts were detected in
mesenchymal cells at the center (Figs. 5C and G) and margin
(Figs. 5D and H) of the wound. However, both expressions
were downregulated at 7 days (Figs. 5K and N).
We also investigated expressions of Fgf8, Fgf10 and Msx1
in the normal blastema and the denervated blastema and the
lateral skin wound (Fig. 6) in order to know correlations
between these gene expressions and cell survival/growth
in the blastema. At 4 days, expressions of Fgf8, Fgf10
and Msx1 were not detectable in the normal blastema
(Figs. 6A, E and I). In the normal blastema at 7 days post-
amputation, Fgf8, Fgf10 and Msx1 transcripts were detected
in the WE and the underlying blastemal cells (Figs. 6B, F and
J). None of the three transcripts was detectable in the
denervated blastema (Figs. 6C, G and K) and the lateral
skin wound (Figs. 6D, H and L) at 7 days and later (data not
shown).
Taken together, the results of these gene expression
analyses suggested that early genes, including Tbx5 and
Prx1, are induced in blastemal cells nerve-independently by 4
days post-amputation but that maintenance of these gene
expressions in the distal region of the blastema requires an
adequate nerve supply. These results also suggested that anadequate nerve supply is required for activation of FGF
signaling, which mediates the epidermal–mesenchymal inter-
action for proper outgrowth of the blastema and for activation
of the Msx1 gene for maintenance of blastemal cells in a
dedifferentiated state. Interestingly, in the active fibroblasts of
the lateral skin wound, upregulation of transcription factor
genes such as Tbx5 and Prx1 occurs as seen in the normal
blastema, but it appears that expressions of these genes are
not maintained in the skin wound as in the denervated
blastema.
Discussion
Nerve dependency of Xenopus limb regeneration
Previous studies have shown that the accurate blastema
formation and its outgrowth in urodeles require adequate nerve
supply. If amputated limbs are denervated, mitotic activity is
severely inhibited, resulting in regression of regenerates
(Maden, 1978; Mescher and Tassava, 1975). In addition, the
blastemal cells formed in denervated limbs undergo apoptosis
and are removed by macrophages (Mescher et al., 2000).
Therefore, it has been thought that neurotrophic factors
function as growth promoting or survival factors of blastemal
cells during limb regeneration (reviewed by Bryant et al.,
2002; Mescher, 1996; Nye et al., 2003; Tsonis, 1996).
However, results showing that denervation does not inhibit
WE formation, histolysis, dedifferentiation and reentry of
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Mescher and Tassava, 1975) suggest that some earlier events,
including blastemal cell formation, do not require nerve
supply.Fig. 5. Expression patterns of Tbx5 and Prx1 in the normal blastema (A, E, I, L), den
at 4 days (A–H) and at 7 days (I–Q). All sections are longitudinal sections. For 4 day
panels C and G and the marginal region in panels D and H. Dotted lines in panels D
(right side). At 4 days, strong expression of Tbx5 was found in blastemal cells and
this Tbx5 expression was considerably reduced in the denervated blastema at 7 da
healing, Tbx5 was also expressed in mesenchymal cells at the center (C, arrowheads)
days (K). (E–H, L–N) Expression pattern and change in Prx1 are similar to those of
the denervated blastema at 7days. Panel O represents a serial section of panels P, Q,
boundary between round cells (arrows) and flattened fibroblastic cells. Scale bars =Histological observations in the present study showed that,
in X. laevis, WE formation, histolysis and blastemal cell
formation through dedifferentiation occur also in the denervat-
ed forelimb blastema. Moreover, BrdU incorporation intoervated blastema (B, F, J, M, P, Q) and lateral wound healing (C, D, G, H, K, N)
s lateral wound healing (C, D, G and H), the center of the wound is exhibited in
and H indicate the boundary between the mature skin (left side) and the wound
periosteum both of the normal (A) and the denervated (B) blastemas. However,
ys (J, compare to that in the normal blastema at 7 days (I)). In lateral wound
and margin (D, arrowheads) of the wound at 4 days but was downregulated at 7
Tbx5. (O–Q) High-power views of the expression patterns of Tbx5 and Prx1 in
stained with hematoxylin and eosin. Dotted lines in panels O–Q represent the
100 Am.
Fig. 6. Expression patterns of Fgf8, Fgf10 andMsx1 in the normal blastema (A, B, E, F, I, J) and denervated blastema (C, G, K) and the lateral skin wound (D, H, L)
at 4 days (A, E, I) and at 7 days (B–D, F–H, J–L) after operation. In the normal blastema at 4 days post-amputation, Fgf8 (A), Fgf10 (E) or Msx1 (I) expression
was not detectable, but, at 7 days, Fgf8 (arrowheads in B) expression in the wound epidermis and Fgf10 (F) and Msx1 expression (J) in the blastemal cells were
detected. All of the three genes were undetectable in denervated blastemas (C, G, K) and the lateral skin wound (D, H, L) at 7 days. Scale bars = 200 Am.
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amputation was similar to that in the normal blastema,
suggesting that blastemal cell formation through dedifferenti-
ation and the reentry into the cell cycle do not require adequate
nerve supply also in Xenopus. On the other hand, the TUNEL
assay showed that denervation induces ectopic apoptosis in
blastemal cells at 4 days. Therefore, an adequate nerve supply
seems to be required for the survival of blastemal cells. At 7
days, BrdU incorporation into the blastemal cells in the
denervated limb was severely reduced, and exclusion of
blastemal cells by apoptosis may be one of the reasons for
the reduction of proliferative activity. The present study
demonstrated that nerve dependency of blastema formation in
Xenopus is equivalent to that in urodeles. Considering the fact
that nerve dependency is one of the characteristic features in
epimorphic limb regeneration, limb regeneration in the adult
Xenopus can be regarded as epimorphic regeneration rather
than tissue regeneration, although Xenopus limb regeneration
has pattern deficiency, resulting in spike formation.
Dynamics of axonal projections during limb blastema
formation
During blastema formation, axons transected by limb
amputation regenerate toward the tip of the stump after the
WE forms in urodeles (Fekete and Brockes, 1987; Giampaoli et
al., 2003). Our results from acetylated tubulin immunostaining
that corresponded with the previous fragmented information
provide some new insights. At 4 days, several axons had
started to regenerate, and, by 7 days, many axons had
regenerated and entered the blastema. The onset of axonalregeneration after limb amputation corresponds to the influence
of denervation on cell proliferation and apoptosis. In addition,
we observed that blastemas in a later stage, at 7 days post-
amputation, had more regenerating axons. There may be a
feedback loop between regenerating axons and blastemal cells
mediated by neurotrophic factors and chemoattractants for limb
regenerate outgrowth. Previous in vitro experiments in which
nerves were co-cultured with urodele limb blastemas showed
that transected axons did not regenerate in the first 2 days but
then rapidly regenerated and that the axonal regeneration was
established by a chemoattractant derived from the blastemal
cells and correlated with upregulation of proliferative activity
of the blastemal cells (Bauduin et al., 2000; Tonge and Leclere,
2000; Tonge et al., 1997). Therefore, it is possible that the rapid
regeneration of axons from 4 to 7 days is due to the lower
competence of 4 days axons to chemoattractant from blastema
cells and/or greater chemoattractant production in proliferative
blastemal cells at 7 days than in blastemal cells at 4 days. Some
good candidates for neurotrophic factors, including transferrin
(Mescher and Munaim, 1984; Munaim and Mescher, 1986),
GGF (neuregulin, Brockes and Kintner, 1986; Wang et al.,
2000) and FGF2 (Mescher and Gospodarowicz, 1979; Mullen
et al., 1996), and for chemoattractants, including NGF and
BDGF (Tonge and Leclere, 2000), have been identified,
although their detailed functions in blastema outgrowth are
currently uncertain.
Adequate nerve supply controls gene expressions
Tbx5 encodes a transcription factor containing a T-box and
plays a role in forelimb bud initiation (Agarwal et al., 2003; Ahn
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Rallis et al., 2003; Saito et al., 2002; Takeuchi et al., 2003).
Targeted inactivation of Tbx5 in the mouse and its knockdown
in the chick give rise to failure in forming a forelimb bud
(Agarwal et al., 2003; Rallis et al., 2003). Ectopic expression of
Tbx5 in the lateral flank region induces ectopic limb formation
in the chick embryo (Takeuchi et al., 2003). Prx1 encodes a
paired-type homeobox-containing transcription factor related to
aristaless in Drosophila (Cserjesi et al., 1992; reviewed by
Meijlink et al., 1999), and this is one of the earliest genes that
are expressed in the prospective limb-forming region as is Tbx5
in the mouse and chick (Beverdam and Meijlink, 2001;
Kuratani et al., 1994; Leussink et al., 1995; Nohno et al.,
1993), and a mouse enhancer of Prx1 is commonly used as a
limb-specific enhancer for transgenesis (Logan et al., 2002;
Martin and Olson, 2000). Prx1/Prx2 double mutant mice
showed skeletal defects in limbs, suggesting its function in
limb development (Lu et al., 1999; ten Berge et al., 1998). We
showed that Tbx5 and Prx1 are expressed in blastemal cells at
the dedifferentiation stage, suggesting that dedifferentiated cells
immediately acquire some properties as do early limb bud
mesenchymal cells and that both genes play roles in limb
blastema initiation. By morpholino knockdown of Tbx5 in the
zebrafish, Tbx5-expressing cells in the lateral plate mesoderm
failed to move into the field for the pectoral fin bud (Ahn et al.,
2002), suggesting that Tbx5 is required for proper cell
migration. Since dedifferentiated blastemal cells at the ampu-
tation plane migrate to the distal top of the blastema, it is
possible that Tbx5 is involved in the proper migration of
blastemal cells.
We found that Tbx5 and Prx1 were induced in blastemal cells
even after denervation. Some characteristics of the blastemal
cells in the denervated blastema could be considered to be
similar to those in the normal blastema, and some molecular
events of dedifferentiation for blastemal cell formation occur
nerve-independently. However, expression levels of Tbx5 and
Prx1 in the distal region of the blastema were greatly reduced by
7 days, when the normal blastema had reached the early–
medium bud stage. This suggests that one of the functions of
neurotrophic factors is the maintenance of these gene expres-
sions in the blastemal cells that are probably important for
proper blastema formation and initiation of blastema outgrowth.
Influence of adequate nerve supply on induction of gene
expressions
Denervation gave rise to failure in maintaining Tbx5 and
Prx1 expressions and also resulted in failure in inducing Msx1,
Fgf8 and Fgf10 expressions.
Msx1 is expressed in the progress zone, a mass of
undifferentiated and proliferating cells in chick and mouse limb
buds (Hill et al., 1989; Robert et al., 1989, 1991; Suzuki et al.,
1991), and the maintenance of its expression has been shown to
be dependent on interaction with the AER (Coelho et al., 1991;
Davidson et al., 1991; Ros et al., 1992). Previous studies have
shown that Msx1 is also expressed in the blastemas of newt,
axolotl and X. laevis (Crews et al., 1995; Endo et al., 2000;Koshiba et al., 1998; Simon et al., 1995) and can be used as a
proliferative blastemal cell marker. However, it was shown that
Msx1 starts to be expressed not at the dedifferentiation stage but
at the early bud stage, suggesting that Msx1 is not involved in
dedifferentiation (Koshiba et al., 1998). Our observation of
Msx1 expression in the Xenopus blastema coincides with this.
In the dedifferentiation stage, Msx1 transcripts were not
detectable in the blastema. At 7 days, the Msx1 expression
domain in the normal blastema coincided with the region in
which active BrdU incorporation was observed, and Msx1
expression was not detected in the denervated blastema, in
which proliferative activity was downregulated. It is thought
that, in limb regeneration, Msx1 is also correlated with the
proliferative state of blastemal cells as in limb development.
In the developing limb bud, Fgf8 and Fgf10 are expressed
in the AER and underlying mesoderm, respectively (Ohuchi et
al., 1994, 1997; Vogel et al., 1996). Fgf8 is required for limb
bud elongation and is thought to be an endogenous AER factor
for the growth of mesenchymal cells in mouse (Crossley and
Martin, 1995; Ohuchi et al., 1994) and chick (Crossley et al.,
1996; Vogel et al., 1996) embryos. FGF10 induces Fgf8
expression in the adjacent ectoderm, and Fgf10 expression in
the mesenchyme is maintained by FGF8 (Min et al., 1998;
Ohuchi et al., 1997; Sekine et al., 1999). Both genes are
expressed in Xenopus and axolotl blastemas (Christen and
Slack, 1997; Christensen et al., 2001; Endo et al., 2000; Han et
al., 2001; Yokoyama et al., 2000), suggesting that these FGFs
have critical roles not only in limb development but also in
limb regeneration. Our experiments showed that denervated
blastema cannot induce Fgf8 expression in the WE as was
previously reported (Endo et al., 2000). Furthermore, the
denervated blastema also cannot induce Fgf10 expression in
blastemal cells. These findings coincide with the fact that Fgf8
and Fgf10 expression levels are reduced in the denervated
blastema of the axolotl (Christensen et al., 2001). At the climax
of metamorphosis, Xenopus tadpole hindlimbs can neither
regenerate any structure nor induce several genes, including
Fgf8, Fgf10 and Msx1, in their amputated stumps, but
exogenous application of FGF10 can induce reexpression of
these genes and functional blastema formation, resulting in the
regeneration of well-patterned limb structures (Yokoyama et
al., 2000, 2001). These findings suggest that the failure of
reinduction of FGF signaling is a common reason why
functional blastema and resultant limb structures cannot be
formed in both late tadpoles and froglets. Since Tbx5 is
considered to act upstream of Fgf10 in limb development
(Agarwal et al., 2003; Ahn et al., 2002; Ng et al., 2002; Rallis
et al., 2003; Sekine et al., 1999; Takeuchi et al., 2003),
reduction of Tbx5 expression level by denervation may lead to
failure of Fgf10 reinduction, resulting in loss of proliferative
activity and an undifferentiated state of blastemal cells.
Formation of WE and active fibroblast cells in lateral wound
healing
In the present study, we also investigated lateral wound
healing in the Xenopus forelimb. Histological observations
M. Suzuki et al. / Developmental Biology 286 (2005) 361–375372revealed WE formation in Xenopus lateral wound healing.
Fibroblast cells that actively proliferate and upregulate some
gene expressions accumulate under the WE. We also found that
active fibroblast cells in lateral wound healing had round nuclei
and reentered the cell cycle as did blastemal cells, although the
population was very small. Morphological features of these
cells seem to be similar to those in the blastema, while the
formation was temporal in wound healing. Since a similar
phenomenon is also observed in the axolotl (Endo et al., 2004),
it is thought that the ability for skin regeneration in X. laevis is
equivalent to that in urodeles. This suggests that activation of
local fibroblast cells around the wound site during lateral
wound healing occurs in a similar way to dedifferentiation
during blastema cell formation. Our findings that both Tbx5
and Prx1 are expressed in mesenchymal cells of lateral wound
healing are remarkable. The term ‘‘dedifferentiation’’ has meant
the process in which ‘‘morphologically undifferentiated’’ cells
are generated from mature tissues (Butler, 1933; reviewed by
Tsonis, 1996), and it remains unclear what molecular char-
acteristics the dedifferentiated cells possess. Expressions of
Tbx5 and Prx1 could be good markers for a dedifferentiatedFig. 7. Schematic representations of the early process of blastema formation during li
and molecular responses to limb amputation, denervation and wounding in froglet f
froglet forelimbs. See text for details.state of blastemal cells. It is also thought that a common
molecular mechanism controls both the activation of fibroblast
cells in lateral wound healing and dedifferentiation during
blastema cell formation in limb regeneration.
In the present study, we comprehensively investigated the
early process of blastema formation during epimorphic limb
regeneration in Xenopus by a series of analyses (Fig. 7A). In
normal regeneration, activation of Tbx5 and Prx1 expressions
occurs by 4 days post-amputation prior to induction of Fgf8,
Fgf10 and Msx1, which occurs by 7 days, and regenerating
axons accumulate in the blastema during these 3 days. The
relationship between nerve supply and blastema formation is
supported by results of denervation experiments showing that
Tbx5 and Prx1 expressions in the distal region cannot be
maintained and that Fgf8, Fgf10 and Msx1 expressions are not
induced. It is noteworthy that Tbx5 and Prx1 are once induced
even in the absence of nerve supply and that these genes may
be responsible for the reexpression of Fgf8, Fgf10 and Msx1.
Denervation also gives rise to ectopic induction of apoptosis,
reduction of cell proliferation and formation of an ectopic
dermal layer in the overlying skin, but dedifferentiation ofmb regeneration and lateral wound healing in X. laevis. (A) Summary of cellular
orelimbs. (B) A schematic model for the early process of blastema formation in
M. Suzuki et al. / Developmental Biology 286 (2005) 361–375 373mature cells and reentry into the cell cycle probably occur after
denervation. These observations suggest that there are some
nerve-independent events in the early step. Wound healing,
which is categorized as tissue regeneration, seems to share
some features in initial steps, including upregulation of Tbx5
and Prx1 expressions, with epimorphic limb regeneration. This
suggests that proliferative and multipotential mesenchymal
cells are formed during wound healing process in Xenopus.
However, wound healing does not lead to blastema formation
with an acceleration of proliferative activity but results into
skin regeneration. This simple restoration of wounded tissue
may be due to insufficient nerve supply.
In conclusion, combined with previous studies in urodeles
(Endo et al., 2004 and references therein), we propose a simple
model for limb blastema formation (Fig. 7B). In this model, if
limbs are wounded by amputation or skin removal, dedifferen-
tiation occurs nerve-independently, and proliferative cells
(blastemal cells) that are generated from mature tissues also
upregulate Tbx5 and Prx1 expressions nerve-independently.
Since Tbx5 plays an important role in forelimb bud initiation
and Fgf expression, it is possible that this gene plays a similar
role in blastemal cell formation. After this nerve-independent
process, if nerve supply is sufficient, mitotic activity is
accelerated, Tbx5/Prx1 expressions are maintained, and FGF
signaling starts to be activated to initiate outgrowth of the
blastema with mediating epidermal–mesenchymal interaction.
If nerve supply is insufficient, blastemal cells that do not have
appropriate gene expressions tend to be excluded by apoptosis
and redifferentiate to form dermis and repair the wound site.
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